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ABSTRACT
Superconductor-to-insulator transition (SIT) in 2D electron systems is an intriguing, controversial phenomenon in condnesed
matter physics, with no consensus as to its fundamental mechanism and expected ramifications. Here we develop a theory
of SIT in a 2D electron system, based solely on the opposing effects generated by Cooper-pair fluctuations: The large
enhancement of conductivity due to fluctuating Cooper pairs (para-conductivity) in approaching the critical magnetic field,
and its suppression associated with the loss of unpaired electrons due to Cooper-pairs formation. The theory is tested
using a model of a 2D electron liquid under a strong magnetic field subject to Zeeman spin-splitting pair-breaking and strong
spin-orbit impurity scattering, which is realized experimentally in the system of electrons created in the (111) interface between
crystalline SrTiO3 and LaAlO3. Employing a modified Ginzburg-Landau (GL) functional approach, in which the interaction
between Gaussian fluctuations are treated within the self-consistent Hartree approximation, the calculated sheet resistivity
accounts well for extensive magnetoresistance (MR) data reported recently for the above mentioned 2D electron system. At
low temperatures, where the calculated MR curves exhibit quick narrowing of the MR peak versus the measured data, which
show remarkable saturation upon decreasing temperature, the effect of quantum tunneling of cooper-pair through GL energy
barriers is introduced within a phenomenological approach, yielding very good quantitative agreement with the experiment in
the entire temperatures range.
1 Main
In two-dimensional (2D) superconducting electron systems
an insulating state can be directly driven from the supercon-
ducting state in various ways, e.g. by increasing the physical
or chemical disorder, by changing the charge-carrier density,
or by applying a magnetic field, etc. . . Such a superconductor
to insulator transition (SIT) has been demonstrated in vari-
ous thin films of materials like bismuth1, InO2-5 , MoGe6,
TiN7, cuprate superconductors8 and in novel 2D nanostruc-
tures, such as LaAlO3/SrTiO3 interfaces9. In many of the
novel structures strong spin-orbit coupling is present.
Many scenarios have been put forth to explain these in-
triguing observations. They can be divided roughly into two
main categories; fermionic scenarios associating the insulat-
ing behavior with fermionic quasiparticles resulting from the
breakup of Cooper pairs10,11,12, and bosonic scenarios asso-
ciating the insulating state with Cooper-pairing, e.g. through
localization of Cooper pairs following Bose condensation of
vortex-type excitations13, or with suppression of the super-
conducting order-parameter by Coulomb interaction through
phase fluctuations14. The loss of phase coherence between
superconducting islands embedded in a metallic or an insulat-
ing matrix could also lead to an insulating state15. A direct
evidence that Cooper pairing is responsible for the insulating
behavior is given in16.
Many intriguing phenomena have been associated with the
observation of SIT. Notable examples are: scaling behavior
near a quantum critical point2,4,5, large magnetoresistance
(MR) peaks3,5,7 and thermally activated insulating behav-
ior3,5,7,16. However, some of these effects have not been
observed in all materials that exhibit a SIT, whereas an ex-
periment on a single sample showing a continuous tuning
from a superconducting to an insulating state (where the sheet
resistance becomes greater than h/e2 ) is still lacking. Both
of these features make the interpretation of the various SIT
phenomena controversial, with no consensus as to their mech-
anism and expected behavior.
Recently, it has been shown17 that the 2D electron liq-
uid formed at the (111) interface between the two insulators:
SrTiO3 and LaAlO3, can be smoothly tuned from the metal-
lic region of the phase diagram, where superconductivity is
fully manifested, deep into the insulating state using gate
voltage Vg. Earlier studies of this system found 2D supercon-
ductivity18 and a correlation between superconductivity and
spin-orbit interaction19. A gate bias has been used to tune
the sample from the metallic and superconducting regime to
the insulating regime. At various gate voltages the magnetic
field response for parallel and perpendicular field orientations
were studied. Giant MR features similar to those observed
in amorphous 2D superconductors3,5,7, previously unseen in
a crystalline material, have been observed. This anisotropic
MR as well as the linear MR observed at low perpendicular
fields and the hysteresis of the magnetoresistance features
have shown that vortex excitations are responsible for the SIT
under the perpendicular field orientation geometry. Surpris-
ingly, these effects persisted deep into the insulating state,
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revealing the importance of Cooper-pair fluctuations even
when superconductivity is completely suppressed. The large
smearing of the superconducting transition observed under
the parallel field orientation geometry is consistent with the
importance of Cooper-pair fluctuations effect attributed to the
SIT under the perpendicular field. The transition temperature,
Tc and the critical fields, Hc‖, Hc⊥ for both parallel and per-
pendicular orientations, respectively, observed in this system,
were found19 to follow the (dome-shaped) non-monotonic
gate-voltage dependency characterizing the spin-orbit interac-
tion. This remarkable feature reflects the crucial importance
of the spin-orbit interaction, e.g. through scattering by impu-
rities20,21, in overcoming the Zeeman energy pair-breaking
effect in this system, particularly under parallel magnetic field.
Here we present a scenario of a SIT in a 2D electron system,
based solely on the opposing effects generated by fluctuations
in the superconducting order parameter upon the electrical
sheet conductivity: On the one hand, the singular enhance-
ment of conductivity due to fluctuating Cooper pairs in ap-
proaching the critical magnetic field, and on the other hand,
the suppression of conductivity associated with the loss of un-
paired electrons resulting from Cooper pairs formation. The
presented SIT mechanism cannot be categorized as purely
bosonic since the negative contribution to conductivity (due
to Cooper-pairs formation) is associated with reduction of
fermionic quasi-particles density. Specializing this scenario
to the LaAlO3/SrTiO3 (111) interface, the strongly enhanced
fluctuations effect required for realization of the SIT mech-
anism under study is due to the remarkable combination of
spin-orbit impurity scatterings overcoming the pair-breaking
of Zeeman spin-splitting in a 2D electron system, embodied
in this system. Focusing on the parallel field orientation ge-
ometry, where Cooper pairing is controlled by the electron
spin, enables us to investigate the essence of our model of
SIT without interference from the complex vortex kinetics
and flux lines pinning processes involved in the perpendicular
field orientation geometry. Unlike the pure fermionic scenario
for the case of preserved spin-rotational symmetry11, which
yields positive high-field MR under the parallel-field geome-
try, the presented scenario, which includes strong spin-orbit
scattering, leads to negative MR at high field.
We test the validity of the above mentioned scenario by
performing calculations based on the proposed model and
comparing the results with very recent experimental data re-
ported for the LaAlO3/SrTiO3 (111) interface17. The calcula-
tions were done within an extended version of the Fulde-Maki
Aslamazov-Larkin theory of fluctuations in paramagnetically-
limited superconductors22,23,24, in which the linear time-
dependent-Ginzburg-Landau (TDGL) equation describing
free (Gaussian) fluctuations is modified by taking into account
the cubic terms, representing interactions between free fluctu-
ations, self-consistently in the Hartree approximation25. In de-
riving the corresponding self-consistent field (SCF) equation
(see supplemental information) a key quantity is the Cooper-
pair fluctuation propagator: D(q;εH) = 2EF/pi2kBTΦ(x;εH),
obtained from the well-known function of the dimensionless
fluctuation kinetic energy variable x≡ h¯Dq2/4pikBT 22:
Φ(x;εH) = εH +a+ [ψ (1/2+ f−+ x)−ψ (1/2+ f−)]
+ a− [ψ (1/2+ f++ x)−ψ (1/2+ f+)] (1)
and the gaussian critical shift-parameter:
εH ≡ ln
(
T
Tc0
)
+a+ψ
(
1
2
+ f−
)
+a−ψ
(
1
2
+ f+
)
−ψ (1/2)
(2)
Here Tc0 is the mean-field superconducting transi-
tion temperature at zero magnetic field, ψ is the
digamma function, f± = δH2 + β ±
√
β 2−µ2H2, a± =(
1±β/
√
β 2−µ2H2
)
/2 are functions of the magnetic field
H, with the basic parameters: β ≡ εSO/4pikBT, µ ≡
µB/2pikBT, δ ≡D(de)2 /2pikBT}, where εSO is the spin-orbit
impurity scattering energy, µB = eh¯/2me-the Bohr magneton,
d-the film thickness, and D is the electron diffusion coefficient.
The values of the fluctuation wavenumber q are bound by a
cutoff qc, which typically satisfies: xc ≡ h¯Dq2c/4pikBT < 1,
so that one may exploit the linear approximation: Φ(x;εH) =
εH +η (H)x.
Within the Hartree approximation, the correction to the
gaussian critical shift parameter due to interaction be-
tween fluctuations, can be evaluated analytically from:
αF (H)η (H)
∫ xc
0 dx/Φ(x;εH), where α ≡ 1/}pi3DN2D =
2εSO/pi2EF , N2D ≡ m∗/2pi}2 is the single-electron DOS of
the 2D electron gas, and EF its Fermi energy. The Hartree
SCF approximation amounts to replacing εH in the interaction
correction with the "dressed" (by interaction) critical shift-
parameter ε˜H , leading to the SCF equation:
ε˜H ' εH +αF (H) ln
(
1+
η (H)xc
ε˜H
)
(3)
where the field distribution function of the interaction F (H),
is given by the Matzubara sum (see Supplementary Informa-
tion):
F (H) =
1
η (H)
∞
∑
n=0
κn
(
κ2n+µ2H2
)
[κn (κn−2β )+µ2H2]3
, (4)
κn = n+1/2+2β +δH2
Equation (3), which includes on its RHS a decreasing loga-
rithmic function of ε˜h, associated with the 2D integration of
the fluctuation propagator in momentum space, can be mapped
onto the zero field limit of the 2D Hartree self-consistency
equation, discussed by Ulla and Dorsey in Ref.26.
It was shown there that such an equation has no solution
with ε˜ ≤ 0, indicating the absence of a genuine superconduct-
ing phase transition due to the interaction between fluctuations.
A similar phenomenon, associated with interaction between
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Figure 1. “Bare”, εH , and "dressed", ε˜H , (by self-consistent
interaction) critical shift parameters, as functions of the
magnetic field H, at temperature T = 212mK, showing a
point of crossing (phase transition) for the former and the
absence of a genuine phase transition in the entire fields
range for the latter.
fluctuations, has been found in a 2D superconducting electron-
system under a strong, perpendicular magnetic field27, where
quartic terms of the GL energy functional were taken into
account, and so transforming the sharp second-order super-
conducting phase transition into a smooth crossover. Indeed,
as shown in Fig.(1), all solutions of the SCF equation 3 sat-
isfy ε˜h > 0, implying that the critical divergence of the free
fluctuations propagator is strictly removed.
This also eliminates the critical divergence, characterizing
free fluctuations, from both the Aslamazov-Larkin and the
Cooper-pairs suppressed conductivities and consequently, at
temperatures well below the zero-field transition temperature,
smears the SIT predicted by the Gaussian approximation.
Results of calculations of the sheet resistance as a function
of the magnetic field in the presence of the self-consistent
interaction are shown in Fig.(2), together with experimental
data for the sheet resistance of the 2D electron liquid formed
at the (111) LaAlO3/SrTiO3 interface, presented in17.
Very good quantitative agreement with the experimental
data in the temperatures range above T = Tc ≈ 212mK is
found. However, below Tc the agreement progressively de-
teriorates with decreasing temperature: Lowering the tem-
perature below T = 90 mK the calculated MR peak exhibits
sharp narrowing with respect to the experimentally observed
peak, which is seen only weakly temperature dependent in
this temperatures range.
1.1 Quantum fluctuations and saturation of MR at
low temperatures
The remarkable smearing of the SI transitions and the ap-
parent saturation of the MR curves observed at temperatures
below T ≈ 90 mK, which could not been accounted for within
our thermal-fluctuations approach, indicates that, in this low
temperatures-range, quantum fluctuations play a significant
30mK
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Figure 2. Calculated sheet resistance as a function of field
H for different temperatures, obtained within the framework
of the thermal fluctuations theory in the SCF approximation
(dashed lines, with temperature labels), plotted together with
the corresponding experimental data (full circles) extracted
from17. The gate voltage Vg employed corresponds to
RN = 7.5kΩ (zero-field sheet resistance at T = 1K). The
fitting parameters used are: Tc0 = 0.4K, β0 = 8,α = 0.1,
δ˜0 = 0.028 (see text below).
role. The large deviation of the calculated MR curves from
their experimentally measured counterparts in this tempera-
tures range is due to the fact that at such low temperatures the
interaction-dressed critical shift parameter ε˜H , determined by
Eq.3, is not significantly different from the free-fluctuations
parameter εH in the vicinity of the critical point εH = 0. The
reason, as illustrated by Fig.(3), is in the progressive nar-
rowing of the field distribution functions F (H) (Eq.4) upon
decreasing temperature, having too small tail intensity in the
vicinity of the free-fluctuations critical field.
Thus, it is expected that introducing quantum fluctuations
and their interactions to our theory should lead to signifi-
cant broadening of the distribution functions F (H) at low
temperatures and to much stronger and nearly temperature-
independent interaction, accounting for the smearing of the
SI transitions and the saturation found in the experimentally
observed MR curves at low temperatures.
This is done here by developing a phenomenological ap-
proach, in some sense similar to that exploited in the theory of
quantum phase slips in superconducting nanowires28, where
tunneling through GL potential energy barriers29, separating
normal and superconducting regimes, is taken into account on
equal footing with thermal activation across the same barri-
ers30,31. Thus, we introduce a unified quantum-thermal (QT)
fluctuations partition function:
Z f luct = ∏
q
∫
D∆(q)D∆∗ (q)× (5)
exp
{
−τU
h¯
[
ε˜UH +
ηU (H)
4pikBT
Dq2
]
|∆(q)|2
}
3/9
where τU is the combined QT characteristic time for both
activation-over and tunneling-through the GL energy barriers
separating the superconducting and normal state regimes, and
ε˜UH , ηU (h) are the unified-approach versions of the respec-
tive thermal fluctuations quantities outlined above. For the
unified activation-tunneling rate constant, 1/τU , we use the
relation to the individual rate constants, 1/τT = kBT/h¯ and
1/τQ= kBTQ/h¯, for thermal activation and quantum tunneling,
respectively, i.e.:
h¯/τU ≡ h¯/τT + h¯/τQ = kBT + kBTQ (6)
The corresponding gaussian, unified QT-fluctuations propaga-
tor is given by:
DU
(
q;εUH
)
=
kB (T +TQ)
N2D
(
εUH +
Dq2ηU (H)
4pikBT
) (7)
Consistently with the basic quantum mechanical gen-
eralization of the GL-functional theory of quantum criti-
cal phenomena32, in which the relevant dynamics is intro-
duced to the equilibrium functional-integral through imagi-
nary time, the excess quantum-tunneling "temperature", TQ,
appearing in the unified fluctuation propagator, Eq.7, is
reflected as a bosonic Matzubara frequency-shift Ων/2 =
pikBTQ/} in the definitions of the electron-pairing correla-
tion functions FU (H) ,εUH ,ηU (H), under summation over
the fermionic Matzubara frequency ωn = (2n+1)pikBT/}.
Thus, one evaluates the unified QT fluctuations functions:
FU (H) ,εUH ,ηU (H) from the respective thermal fluctuations
functions: F (H) ,εH ,η (H), by introducing the shift n →
n+TQ/2T under the summations over n in Eq.4, and by shift-
ing the argument of the digamma function and its derivative,
respectively, with the additive constant TQ/2T in Eqs1 and 2.
To summarize, our introduction of quantum fluctuations
into the Hartree SCF equation 3 within the unified QT fluctua-
tions scheme yields:
ε˜UH = ε
U
H +αFU (H)(1+TQ/T ) ln
(
1+
xcηU (H)
ε˜UH
)
(8)
Fig.(4) shows the results of our calculated sheet resistance
versus the experimental data presented in17 for two values of
the gate voltage. Very good quantitative agreement between
theory and experiment in both cases is found in the entire
temperatures range investigated. The introduction of quan-
tum fluctuations clearly resolves the discrepancy found in
Fig.(2) in the low temperatures regime. The resulting decreas-
ing dependence of TQ on temperature T is consistent with
the assertion presented in Ref.28 that the effective attempt-
frequency for tunneling through a GL energy barrier follows
the superconducting order parameter.
2 Basic concepts and methods
We consider a planar, 2D superconducting electron system
subject to strong spin-orbit impurity scattering, with a char-
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Figure 3. Plots of the field distribution function
(1+TQ/T )FU (h), calculated at T = 1mK (a) and at
T = 30mK (b) for thermal fluctuations only (TQ = 0) and for
TQ = 80 mK, illustrating the effect of quantum tunneling on
the interaction between free fluctuations. The values of the
parameters used are: Tc0 = 0.43K, β0 = 18, α = 0.03, and
x0 = 0.05 (see text below).
acteristic relaxation time τSO = h¯/εSO, under a strong mag-
netic field H, applied parallel to the plane. Superconduc-
tivity in this system is spin-controlled, i.e. it is governed
both by the Zeeman spin splitting energy,µBH and the spin-
orbit scattering rate, 1/τSO (see a detailed description in Sup-
plementary Information and in early papers dealing with
similar 3D systems33,22,34). We assume, for simplicity of
the analysis, that impurity scatterings in this system are
dominated by the spin-orbit mechanism. We use a refer-
ence of frame in which the conducting interface is in its
z− x plane, with the in-plane electric and magnetic fields:
E=− 1c∂tA=x̂E,B=∇×A=ẑH, respectively, derived from
the vector potential A=−x̂(Hy+Ect). The electrons are con-
fined within a thin rectangular film of thickness d along the
y axis. Linear response is assumed with respect to the elec-
tric field. To take into account the orbital magnetic field
effect one should invoke gauge invariance in evaluating the
Cooper-pair fluctuations kinetic energy (1/2)Dq2. Since the
film thickness d is much smaller than the Cooper-pair co-
herence length, this can be done approximately by replacing
4/9
q2 with:
〈(
q+ 2eh¯cHy
)2〉
= q2+
( 2e
h¯cH
)2 〈
y2
〉
+2qx 2eh¯cH 〈y〉=
q2 + 2(edH/h¯)2, where the average is over the narrow film
dimension.
As discussed above, the large Cooper-pair fluctuations ef-
fect on the superconducting leg of the investigated SIT has
led us to postulate that the insulating leg is also associated
with these fluctuations, relying on the two opposing features
of the Cooper-pairing mechanism: The well-known, singu-
lar enhancement of the conductivity around the critical point,
termed para-conductivity35,24,36,37,38, and the suppression of
conductivity associated with the reduction in carrier density
due to the Cooper-pair formation39, also recognized as the
fluctuation-induced suppression of the quasi-particles density
of states40.
2.1 Fluctuation paraconductivity under a parallel
magnetic field
In the calculation of the paraconductivity we adopt a modified
version of the formalism developed by Fulde and Maki22 for
calculating the Aslamazov-Larkin contribution24, in which the
expansion of the TDGL functional in the gradient term about
the transition point is avoided. The Maki-Thompson36,38
contribution was shown23 to be relatively small in the high
magnetic fields region of interest to us. The method, which
was first proposed by Schmidt41, exploits the TDGL func-
tional L(∆,A) of the order parameter ∆(r, t) and the vector
potential A(r, t), to find the Cooper-pairs current density:
j(r, t) =
∂L(∆(r, t) ,A(r, t))
∂A(r, t)
(9)
Using the Kubo linear response theory, the static
Aslamazov-Larkin (AL) conductivity σAL is obtained from
the retarded current-current correlator QRAL (ω)
22: σAL =
limω→0 iω
[
QRAL (ω)−QRAL (0)
]
, where QRAL (ω) is the analytic
continuation of the Matzubara imaginary time-ordered cor-
relator, QAL (iΩν), i.e.: QRAL (ω) = QAL (iΩν → ω+ iδ ). Our
calculation, performed in the unified QT fluctuations approach
(see Supplementary Information) yields for the static AL sheet
conductivity:
σUALd =
(
1+
TQ
T
)
1
4
(
G0
pi
) ∞∫
0
(
Φ′U
(
x; ε˜Uh
)
ΦU
(
x; ε˜Uh
))2 dx (10)
where G0 = e2/pi h¯ is the conductance quantum, and
ΦU
(
x; ε˜UH
)
is obtained from Eq.1 by replacing ε˜H with ε˜UH ,
and by shifting the argument of all the digamma functions in
Eq.1 with the additive constant TQ/2T .
2.2 Cooper-pair fluctuations suppressed normal
state conductivity
The idea, first exploited by Larkin and Varlamov (LV)39 for the
zero field case, is to replace the electron number density Ne in
the simple Drude formula for the conductivity σn=Nee2τ/m∗,
with the number density of electrons occupying quasi parti-
cle states minus the number density ∆Ne of electrons paired
into fluctuating superconducting droplets. Since the latter
should equal twice the number density, ns, of Cooper pairs
in fluctuating superconducting droplets, i.e.: ∆Ne = 2ns , the
corresponding correction to the Drude conductivity is given
by:
δσDOS =−2nse
2
m∗
τSO (11)
The subscript DOS indicates that this contribution to the
conductivity is associated with the suppression of the normal
electrons DOS by Cooper-pair fluctuations. The number den-
sity, ns = (1/d)
∫ 〈|ψ (q)|2〉d2q/(2pi)2,39 is obtained from
the superfluid momentum distribution-function
〈
|ψ (q)|2
〉
'
2EF/pi2kBTΦ(x; ε˜H), so that:
δσDOSd '−4
(
G0
pi
)∫ xc
0
dx
Φ(x; ε˜H)
(12)
The unified QT fluctuations version of the DOS conductiv-
ity can be derived by introducing quantum fluctuations into
the superfluid momentum distribution function as follows:
2EF/pi2kBTΦ(x; ε˜H) → 2EF/pi2kB (T +TQ)ΦU
(
x; ε˜UH
)
, re-
sulting in the following expression:
δσUDOSd '−4
(
G0
pi
)∫ xc
0
dx(
1+ TQT
)
ΦU
(
x; ε˜UH
) (13)
3 Comparison with experimental data
Combining all contributions to the sheet conductivity,
Eqs.10,13, including the normal-state conductivity σn, we
find:
σUd = σnd+
(
G0
pi
)∫ x0T ∗c0/T
0
dx× (14)1
4
(
1+
TQ
T
)(
Φ′U
(
x; ε˜UH
)
ΦU
(
x; ε˜UH
))2− 4(
1+ TQT
)
ΦU
(
x; ε˜UH
)

where x0 ≡ xcT/T ∗c0, and T ∗c0 = 212mK is a characteristic
scale of the zero-field transition temperature. Focusing on
two representative gate-voltage values (corresponding to RN
= 7.5 kΩ,10.5 kΩ, see below) it will be now interesting
to see how the introduction of the quantum fluctuations ef-
fect, through the quantum tunneling "temperature" parameter
TQ, improves the situation in the low temperatures regime.
Our fitting strategy has been to exploit the data provided
in Ref.19 for selecting initial values of the set of the basic
parameters β0 ≡ εSO/4pikBT ∗c0, δ˜0 ≡ D(deH∗c0)2 /2pikBT ∗c0},
and x0 = h¯Dq2c/4pikBT ∗c0, where H
∗
c0 = 4.5T is a characteris-
tic scale for the critical field at zero temperature, and then
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Figure 4. (a) Calculated sheet resistance as a function of
field H, obtained by using Eq.14, for RN = 7.5kΩ and
different temperatures (dashed lines), plotted together with
the corresponding experimental data (full circles) extracted
from17. The fitting parameters used are: Tc0 = 0.43K,
β0 = 20, α = 0.03, δ˜0 = 0.028, and x0 = 0.05. The values of
T and TQ, used in each curve, are labeled as T/TQ. (b) The
same for RN = 10.5kΩ with the fitting parameters:
Tc0 = 0.43K, β0 = 18, α = 0.035, δ˜0 = 0.028, and
x0 = 0.05.
allowing their variation within a reasonable range of uncer-
tainty to improve the fit42. Yet, due to the phenomenological
nature of our quantum fluctuations approach, the quantum
tunneling "temperature" TQ remains as a free adjustable pa-
rameter. In contrast to all the other parameters, TQ, which
is a measure of an effective attempt frequency for tunneling
through a GL energy barrier, should depend on the real temper-
ature28. Furthermore, in the absence of a detailed microscopic
calculation of the mean-field transition temperature for the
complex electron structure and electron-phonon interaction
of the LaAlO3/SrTiO3 interface, we treat Tc0 as an adjustable
parameter.
Determination of the normal-state conductivity, σn, is
closely related to the strong negative MR reported in43 for a
temperature (5K) well above the superconducting transition.
Thus, in our fitting procedure we assume a field-dependent
normal state conductivity contribution σn (H,T ), which pro-
duces negative MR similar to that observed in Ref.43, by
employing the linear function:
σn (H,T ) = σ0+δσn (T )+σ0 (H/H0) (15)
with three adjustable parameters σ0,h0, δσn (T ), where the
latter is temperature dependent. Using the usual definition of
the MR, i.e.: MR(H,T ) ≡ [ρn (H,T )−ρn (0,T )]/ρn (0,T ),
our model yields the expression:
MR(H,T ) =− H/H0
1+δσn (T )/σ0+H/H0
(16)
which will be critically tested versus the experimental data
reported in43. As explained in17, since labeling each data set
according to the measured gate voltage Vg is not a unique
procedure, they are instead labeled by RN-the corresponding
sheet resistance measured at zero field and sufficiently high
temperature (T = 1K). The results shown in Fig.(4) represent
the best fits of our calculated sheet resistance to the experi-
mental data sets for both RN = 7.5 kΩ, and 10.5 kΩ.
A key microscopic parameter in our model is the dimen-
sionless spin-orbit scattering energy: β0 = εSO/4pikBT ∗c0. Our
fittings process results in a value of β0 (= 20) for RN = 7.5
kΩ significantly larger than that shown in Fig.(2) (= 8) for the
exclusive thermal-fluctuations model. On the other hand, the
best fitting value of α (= 2εSO/pi2EF ) in Fig.(4a) (= 0.025)
is considerably smaller than that found in Fig.(2) (= 0.1). The
quantum fluctuations, with TQ = 80 mK, required to smear
the sharp SI crossover at low temperature, shifts the crossover
filed Hc‖ downward. To compensate for this shift a larger
value of β0 and smaller value of α are required to keep Hc‖
fixed at the experimental position of about 3.5 T. The actual
values of β0 extracted from our fits for RN = 7.5 kΩ and 10.5
kΩ, i.e. 20 and 18 respectively, yield: εSO = 4pikBT ∗c0β0 ≈
4.6meV for the former, and εSO ≈ 4.1meV for the latter, in
good agreement with Ref.19. The currier densities extracted
from the inverse hall coefficients reported in Ref.17 hold
the ratio: n(RN = 7.5 kΩ)/n(RN = 10.5 kΩ) ' 1.3, imply-
ing: EF (RN = 7.5 kΩ)/EF (RN = 10.5 kΩ) ' 1.3, so that:
α (RN = 7.5 kΩ)/α (RN = 10.5 kΩ) ' 0.85, in agreement
with the values used in our fittings; α (RN = 7.5 kΩ) = 0.03
and α (RN = 10.5 kΩ) = 0.035. It is also possible to deter-
mine the Fermi energy of the electron liquid in our model, e.g.
for RN = 7.5 kΩ: EF ' 31meV. Furthermore, with the help
of the weak antilocalisation relation: eD= εSO/4HSO, where
HSO is the spin-orbit field, estimated to be about 4.5T19, we
find for the diffusion coefficient D≈ 2.6×10−4m2/s, which
enables us to estimate the film thickness d in our model from
the dimensionless diamagnetic energy parameter, δ˜0. Using
our fitting value δ˜0 = 0.028, we find d ≈ 0.6nm, which is
quite a reasonable estimate.
Finally, our fitting process provides us with the parameters
allowing to determine the normal state MR using Eq.16. The
results for both values of RN are plotted in Fig.(5). They are
seen to be in good agreement with the experimental giant neg-
ative MR data presented in Ref.44 for decreasing temperatures
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down to T = 1.4K. Since the latter data show clear indica-
tion for saturation of the MR plots at temperatures below
T = 1.4K, it is conceivable that in a system identical to ours,
but in the absence of cooper-pairing, MR measurements in the
low temperatures regime would have shown results similar to
Fig.(5).
4 Conclusion and Outlook
In this paper we develop a theory of SIT in a 2D electron
system, based on two opposing effects generated by Cooper-
pair fluctuations on the electrical sheet conductivity: The
large enhancement of conductivity due to fluctuating Cooper
pairs (para-conductivity) in approaching the critical magnetic
field, and its suppression associated with the loss of unpaired
electrons due to Cooper-pairs formation. The theory has been
tested using a model of a 2D electron liquid under a strong
parallel magnetic field subject to Zeeman spin-splitting pair-
breaking and strong spin-orbit impurity scattering, which is
realized experimentally in the electrons system created in the
(111) interface between crystalline SrTiO3 and LaAlO3.
Employing a modified-gaussian GL functional approach, in
which the interaction between gaussian fluctuations, is treated
within the self-consistent Hartree approximation, the critical
divergencies, characterizing the gaussian fluctuations approxi-
mation, are eliminated. For temperatures above the zero-field
transition temperature to superconductivity,Tc, the calculated
sheet resistivity accounts quantitatively well for the MR data
reported recently for the above mentioned 2D electron sys-
tem. However, in the low temperatures regime well below Tc,
where the MR curves exhibit a remarkable saturation as func-
tions of temperature, large deviations between the calculated
and measured MR data were found, with the calculated MR
maximum above the superconducting transition quickly nar-
rowing upon decreasing temperature, as compared to a rather
broad and nearly temperature independent experimental MR
peak.
To resolve this discrepancy we have introduced the effect
of quantum fluctuations into the theory within an extended
phenomenological approach in which quantum tunneling of
cooper-pair through GL energy barriers is taken into account
on equal footing with the thermal activation processes above
those barriers. Employing this unified quantum-thermal fluc-
tuations method the results of the calculated sheet MR show
very good quantitative agreement with the experimental data
in the entire temperatures range investigated. This observation
also suggests that the strongly enhanced negative MR, shown
particularly in Fig.(4b) above the superconducting transition
at very low temperatures, is partly due to significant posi-
tive normal-state magnetoconductivity contribution, which is
closely related to the large negative MR reported recently43,44
for the same system well above the superconducting transi-
tion.
30mK
430mK
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0 2 4 6 8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
H (Tesla )
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Figure 5. Normal-state MR curves, calculated using Eq.??,
at T = 30mK , and at 430mK for RN = 7.5kΩ (blue curves)
and for RN = 10.5kΩ (black curves), as determined in the
fitting processes leading to Fig.4a and 4b, respectively.
The main new message of this paper to the current under-
standing of the various SIT phenomena is in proposing the
concept of suppressed DOS by Cooper-pairs formation as a
dominant origin of the insulator side of the SIT. The good
quantitative agreement found in the present paper between
the calculated sheet resistance and the extensive experimen-
tal data, reported for the LaAlO3/SrTiO3 (111) interface17,
strongly supports this proposal. The proposed theory is con-
sistent with the remarkable persistence of the spectral gap
in the quasi-particle DOS, found in Ref.45 at large disorder
(i.e. when the system breakups into isolated superconducting
islands). Including additional (bosonic) mechanisms, such as
disorder-induced Cooper-pairs localization, or loss of phase
coherence between superconducting islands, as discussed e.g.
in45, to reinforce the insulator side of the observed SIT at
fields above the critical field, is not necessary in our calcu-
lation to account for the experimental data, due to the large
magnitude of the DOS conductivity relative to that of the
para-conductivity, as clearly expressed in Eq.14.
The presence of disorder-induced spatial inhomogeneity, in
the form of superconducting islands, which has been exten-
sively discussed in the SIT literature15,45,46, is implied in our
approach by the integral of the fluctuation propagator in mo-
mentum space, contributing to, both the DOS conductivity in
Eq.14 and to the interaction between gaussian fluctuations in
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Eq.3. The characteristic size, r f ≡ q−1c , of a typical fluctuation
droplet can be determined from the cutoff wavenumber qc (see
Eqs. 3, and 14) in terms of the free dimensionless adjustable
parameter x0 as: r f = (ξ/2)x
−1/2
0 , where ξ =
√
lSOξ0 is
the dirty-limit coherence length, ξ0 = h¯vF/2pikBT ∗c0 is the
clean-limit coherence length, and lSO = τSOvF is the electron
mean-free path. Using the values of the parameters deter-
mined in our fitting process, we find, e.g. for RN = 7.5 kΩ:
lSO ' 8.7nm, ξ0 ' 344nm, with vF ' 6.0× 104m/s, which
evidently confirm the dirty limit situation postulated in our
approach. The resulting value of the droplet radius at
T = 212mK is therefore r f ' 122nm.
The temperature dependence of the cutoff in Eq.14, which
is associated with the kinetic energy-barrier of the fluctuations,
indicates that the droplet size singularly enhance, i.e. like
1/T , with decreasing temperature toward zero. As implied,
however, from the detailed zero-temperature-limit analysis of
the effect of quantum fluctuations on the MR in the Supple-
mentary Information, this divergence is avoided by quantum
tunneling of Cooper-pair fluctuations through the energy bar-
rier of the droplet, leading to saturation of the MR curves for
temperatures T below the "tunneling temperature"’ TQ. This
quantum tunneling effect is quite similar to the Josephson
weak-links between neighboring superconducting islands dis-
cussed, e.g. in Ref.46, which drives the system back from a
Cooper-pair insulator to a superconductor.
Extension of the parallel field orientation geometry em-
ployed here to any orientation, and to the perpendicular ori-
entation geometry in particular, when the effect of flux flow
is expected to significantly enhance the MR peak (see17) will
be considered in futute publications. However, this is not
expected to change qualitatively the main conclusions of the
present paper. The general nature of the core model, as pre-
sented and verified in this paper for the particular electron
system investigated, would project on realizations of similar
superconductor to insulator transitions in many other two-
dimensional electron systems.
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